Medium. The minimal medium used contained (per liter): 13.6 g of KH2PO4; 2.5 g of (NH4)2SO; 0.1 g of MgSO4; 0.5 mg of FeSO4-7H20; and 18 g of glucose.
It has been known for years that the weight yield of microbial cells is directly proportional to the amount of the energy source in the medium when this energy source is the growth-limiting factor. More recently, Bauchop and Elsden (2) concluded from anaerobic growth experiments with Streptococcus faecalis, Saccharomyces cerevisiae, and Pseudomonas lindneri that the growth yield of an organism is proportional to the amount of adenosine triphosphate (ATP) produced by its catabolic processes. They introduced the concept of YATP, which they defined as the dry weight (in grams) of microbial cells produced per mole of ATP formed. They found that under anaerobic conditions on complete media with the energy source as the limiting factor the YATP value was constant, about 10.5 g of cells per mole of ATP synthesized. Under these conditions, for S. faecalis, practically all the energy source was catabolized (less than 1% of the glucose carbon was incorporated into cells). The work of Bauchop and Elsden has been extended to Clostridium tetanomorphum (21) , Lactobacillus plantarum (15) , Desulfovibrio desulfuricans (17) , and Aerobacter aerogenes (7) , grown also under anaerobic conditions. In continuous culture of two rumen bacteria, Ruminococcus albus (9) and Selenomonas ruminantium (8) , yields have been reported which indicate either that these bacteria have sources of energy for growth other than those so far found in known fermentation reac- tions, or that YATP is not a constant. This investigation was undertaken to study further the relationship between the energy supplied by catabolic pathways and growth yield under various anaerobic environments.
MATERIALS AND METHODS Microorganisms. The following cultures were used: A. cloacae UW-C83 and Escherichia coli K-22, maintained on agar slants.
Medium. The minimal medium used contained (per liter): 13.6 g of KH2PO4; 2.5 g of (NH4)2SO; 0.1 g of MgSO4; 0.5 mg of FeSO4-7H20; and 18 g of glucose.
Glucose was sterilized separately. The medium was adjusted to the pH used in the experiment with approximately 3.5 N NH4OH before inoculation. Citric acid, when added as chelator, was present at a concentration of 0.01 M. Ethylenediaminetetraacetic acid (EDTA) was used at a concentration of 3 X 10-3 M. Yeast extract, when added to the medium, was at a concentration of 0.5 g per liter.
When amino acids were added, their concentration (milligrams per liter) in the medium was: L-histidine (19) for the essential acids, and of the amino acid composition of beef muscle (3) for the nonessential acids. L-Glutamine was added because it increased cell yields in mammalian tissue culture (13 Fermentors. Two different fermentors were used. One was a baffled 2.5-liter fermentor (1-liter working volume) with a stainless-steel sparger and a stainlesssteel agitator that was operated at about 150 rev/min. The other was a 1-liter Erlenmeyer flask (500-ml working volume) with agitation provided by a magnetic stirrer. In both fermentors, high-purity nitrogen was continuously flushed through the medium. The pH of the medium during the fermentation was controlled by the use of a glass electrode, ammonium hydroxide being added automatically as needed to maintain the pH within 0.1 unit of the set point. The volume of NH4OH added was read at various times during the fermentation, and the logarithm of the volume was plotted against time. The slope of the line was proportional to the exponential growth rate.
Inoculum. The inoculum was prepared by transferring the microorganism from an agar slant into a 500-ml Erlenmeyer flask containing 100 ml of medium. The flask was incubated on a rotary shaker at the temperature to be used in the experiment. After 24 hr of aerobic growth, the cells were aseptically centrifuged and were resuspended in sterile distilled water, and a sample of this suspension was added aseptically to the medium in the fermentor. The inoculum weight was usually about 0.1 g of cells (approximately 5% of the final growth yield).
Harvesting oforganisms. At the end of the fermentation, indicated by the cessation of ammonium hydroxide addition, the culture plus distilled water washings was diluted to 2 liters in a volumetric flask. When the 1-liter fermentor was used, the final dilution of the culture was to 1 liter. Samples were taken for dry weight determinations and analysis of fermentation products. As all the analyses could not be done simultaneously, a sample of the diluted culture was acidified topH 1 with H2SO4 and was stored at 1 C in the refrigerator for further analyses. Dry weight of microorganisms. Samples of the diluted culture were centrifuged, and the cells were washed once with distilled water and dried at 105 to 110 C to constant weight.
Analytical methods. Glucose was estimated by the method of Somogyi (18) .
Volatile neutral products were separated from the other products by distilling a 50-ml sample of the diluted culture (pH 7.5 to 7.8; 11). In the distillate, ethyl alcohol was determined by oxidation by acidic 0.2 N potassium dichromate, followed by measurement of the excess dichromate by titration with 0.1 N Na2S203 after addition of KI. Corrections were made for 2,3-butanediol and acetoin, when these compounds were present in the distillate.
After extraction of volatile neutral compounds, the reaction flask was acidified to pH 2 with H2SO4, and the distillation continued for the volatile acids. In this distillate, formic acid was estimated by a macrogravimetric method (1). Acetic acid was calculated by difference from the total volatile acids.
2, 3-Butanediol was separated from the other products by continuous extraction with ether of a 50-ml sample of the diluted culture (pH 7.5 to 7.8). The ether was evaporated, the extract diluted to a known volume, and 2,3-butanediol estimated by the method of Johnson (10) .
After the ether extraction of 2,3-butanediol, the reaction vessel was acidified to pH 2 with H2SO4, and the extraction continued for the nonvolatile acids. The extract, after removal of the ether, was diluted to a known volume and was used for the estimation of lactic and succinic acids. Lactic acid was determined according to Friedmann and Graeser (6) . Succinic acid was determined by the method of Moyle (14) modified as follows. After addition of AgNO3 to the extract, three drops of 0.02% aqueous bromocresol purple were added, and the pH was brought to neutrality with 0.5 N NH4OH (muddy bluish shade to the indicator). (20) , we found that with growing cells about 2 mmoles of citric acid had been consumed when 100 mmoles of glucose had been fermented. Hence, roughly 2% of the products listed in Table 2 for this fermentation may have been formed from citrate rather than glucose. The resulting correction in the figure for ATP synthesis could not be large. The addition of amino acids improved slightly the cell yield and the YATP value. When E. coli was grown in the 1-liter glass fermentor, the problem of metal toxicity observed with the stainless-steel fermentor did not appear. The yield on minimal medium in the glass fermentor was better than any yield observed with the stainless-steel fermentor. The addition of amino acids also caused a slight increase in cell yield. ATP is produced from glucose faster than it is needed for cell synthesis, and some is wasted. This suggests that cell synthesis does not control the rate of catabolism, i.e., the rate of ATP production. Apparently, ATP waste occurs when cell synthesis is limited by factors other than ATP supply.
The growth of E. coli on minimal medium is an example of what has been known for decades, that microorganisms can utilize substrates rapidly without growth. The old "resting cell" technique for studies of microbial metabolism was based on this fact. In anaerobic carbohydrate fermentations, it often happens that most of the substrate utilization occurs after microbial growth has stopped. For example, in the butanol and acetone fermentation by Clostridium acetobutylicum, Peterson and Fred (16) found that the rate of product accumulation, i.e., the rate of ATP production, did not decrease after cessation of cell growth, and Brown (4), in 1892, found that the rate of alcohol production by yeast was essentially the same whether or not growth was taking place. Senez (17) has referred to this phenomenon as "energy uncoupling." The general occurrence of massive anaerobic substrate dissimilation in the absence of growth makes it obvious that, although YATP 
